Introduction
A well defined extracellular cue inducing dendritic branching is brain-derived neurotrophic factor (BDNF) together with its receptor, TrkB (Yan et al., 1997) . BDNF increases branching of cortical and hippocampal neurons in dissociated cultures or in organotypic slices, and mutant mice with inducible deletion of TrkB receptors exhibit a significant reduction of dendritic arborization in cortical neurons (Xu et al., 2000; Horch and Katz, 2002; Cheung et al., 2007; Takemoto-Kimura et al., 2007) . In addition, downstream signaling mediators of the BDNF/TrkB pathway are involved in the control of dendritic branching, including the mammalian target of rapamycin kinase and mitogen activated protein kinase signaling pathways (Jaworski et al., 2005; .
Dendritic branching is also regulated by endocytosis and the intracellular trafficking of organelles. Dendritic trafficking of Rab5-positive early endosomes and Golgi outposts are required for the development of higher-order branches in Drosophila neurons (Ye et al., 2007; Satoh et al., 2008) . It has also been shown that clathrin-mediated endocytosis is required for dendritic branching in Drosophila neurons (Yang et al., 2011) . In addition, Rab11-recycling endosomes in dendrites constitute a source of membrane for the growth of dendritic spines and regulate local trafficking of AMPA receptors to the plasma membrane in hippocampal neurons (Kopec and Malinow, 2006; Park et al., 2006) . This local phenomenon depends on Myosin Vb, an actin-based motor protein and Rab11 effector that associates with active Rab11 (the GTP-bound form). Both Rab11 and Myosin Vb mediate the recycling of receptors back to the plasma membrane in nonpolarized cells, in the apical surface of epithelial cells, and in the dendrites of polarized hippocampal neurons (Ullrich et al., 1996; Maxfield and McGraw, 2004; Kennedy and Ehlers, 2006; Saraste and Goud, 2007) . Endocytosis also regulates the activity of plasma membrane receptors such as the Trks (Bronfman et al., 2007) . In fact, internalization of TrkB is required for phosphatidylinositol 3-kinase (PI3K)/Akt signaling and neurite outgrowth of hippocampal neurons (Zheng et al., 2008) . Therefore, endocytosis and intracellular trafficking of TrkB receptors appear to be important for dendritic growth and receptor signaling; however, whether Rab11-dependent trafficking of TrkB in dendrites regulates BDNF-induced dendritic branching is not known. We show here that BDNF regulates the dynamics of recycling endosomes by increasing the activity of Rab11 and recruiting Rab11-positive vesicles to dendrites. Consistently, augmented activity of Rab11 led to increased dendritic branching, accumulation of TrkB in dendrites, and increased sensitivity to BDNF. The role of Rab11 in BDNF-dendritic branching is further emphasized by the fact that inhibition of Rab11 activity, or the actin-based motor Myosin Vb, abolished BDNF-induced dendritic branching. Our findings suggest that Rab11-dependent trafficking of TrkB in dendrites is required for BDNF-induced dendritic branching.
Materials and Methods
Hippocampal neurons primary culture. Embryonic hippocampal neurons from rats of either sex (embryonic days 17-19) were dissected as described previously (Shimada et al., 1998; Fan et al., 2004) in HBSS. After disaggregation, neurons were resuspended in MEM/HS (Minimum Essential Medium supplemented with 10% horse serum, 20% D-glucose, and 0.5 mM glutamine) and were seeded on poly-L-lysine (1 mg/ml) at low density for morphometric experiments (7000 cells/cm 2 ) or at medium density for live-cell imaging or biochemical analysis (11,000 cells/ cm 2 ). After 4 h, the culture medium was replaced with neurobasal medium supplemented with 2% B27 and 0.5 mM glutamine. Proliferation of non-neuronal cells was limited by the use of cytosine arabinoside (AraC; Sigma-Aldrich) at 5 DIV. The animals were obtained from the animal facilities of the Pontificia Universidad Cató lica de Chile and euthanatized under deep anesthesia according to the bioethical protocols of our institution.
Stimulation and measurement of dendritic arborization induced by BDNF. Hippocampal neurons (7 DIV) were stimulated with 4 nM (100 ng/ml) BDNF in culture medium; other treatments such as adenovirus transductions, transfections, and blocking antibody treatments were performed at the same time. In experiments with K252a (1 M), the drug was added 24 h after transfection to avoid cell death due to unspecific inhibition of other tyrosine kinases. After 48 h, dendritic arborization was analyzed by Sholl's analysis (Sholl, 1953) and by counting the number of branching points.
For analysis of dendritic branching, the neurons were immunostained with anti-MAP2. We visualized entire dendrites with confocal microscopy using a Zeiss Axiovert 2000 inverted microscope equipped with a laser scan module and Pascal 5 software (Carl Zeiss). Images were acquired using a 63ϫ objective at 1024 ϫ 1024 pixel resolution along the z-axis of whole cells. Z-stacks were integrated and the images were segmented to obtain binary images. Ten concentric circles with increasing diameters (10 m each step) were traced around the cell body, and the number of intersections between dendrites and circles was counted and plotted for each diameter. Analysis was performed using the ImageJ plugin developed by the Anirvan Gosh Laboratory (http://biology.ucsd. edu/labs/ghosh/software). The number of total branching points of all dendrites was manually counted from the segmented images.
Live-cell imaging of Rab11. The neurons were transfected with Rab11-EGFP using calcium phosphate. After 48 h, they were transferred to Locke's medium for microscopy. Live-cell imaging was performed on an Olympus IX61 microscope equipped with a spinning disk module and a Hamamatsu Orca-R 2 digital camera connected to a computer with Cell-R software (Olympus). Images of single dendrites were acquired using the 100ϫ objective at intervals of 20 s for 30 min to establish the baseline. The neurons were then stimulated with 4 nM (100 ng/ml) BDNF. After allowing 3-5 min for diffusion of the ligand, we started an additional 30 min of capture. In the experiments using the K252a inhibitor (1 M) or latrunculin (10 M), we preincubated cells for 15 min with the compound and then established a baseline for 30 min exactly as described above. Then we stimulated neurons with 4 nM BDNF (100 ng/ml) and, after 3-5 min, started an additional 30 min of imaging. The analysis of Rab11-EGFP dynamics on dendrites was always performed in the segment immediately distal to the first branching point to avoid interference of the fluorescence changes in the cell body. This segment corresponds to the secondary dendrite. The length of secondary dendrites analyzed was also consistent among treatments. Integrated intensity (intensity of the signal standardized by the area) was measured in the same dendrites before and after the treatments and compared with paired statistical tests (see below).
Analysis of mobility of Rab11-positive endosomes was performed by comparing the distribution of fluorescence in the same dendrite at different time points (0, 5, 10, 15, 20, and 25 min). To measure the mobility of Rab11-positive organelles, we used the Image Calculator (subtract option) of ImageJ software, which allows subtraction of the fluorescence pixel by pixel of one frame to another one (e.g., fluorescence from frame [5 min after BDNF] Ϫ fluorescence from frame [0 min after BDNF]). The fluorescence that is located in the same place will be subtracted, whereas the fluorescence distributed in different places will be conserved. Differences were averaged, standardized, and compared using paired Student's t test.
Analysis of the enlargement of Rab11-positive structures was performed by comparing the fraction of total dendritic Rab11 that is found Figure 1 . BDNF-induced dendritic branching requires Rab11. A, Hippocampal neurons (7 DIV) were transduced with adenovirus EGFP and stimulated with BDNF for 48 h. After fixation, the neurons were labeled with anti-MAP2 and observed with confocal microscopy. Acquired z-stacks were integrated and inverted for morphometric analysis. B, Sholl's analysis showed that arborization profiles were significantly higher in EGFP neurons stimulated with BDNF, especially at 20 m from the cell body, suggesting increased branching. n ϭ 24 -37 neurons from three independent experiments. C, Hippocampal neurons were transduced with adenovirus Rab11DN (green) and stimulated with BDNF. Neurons were also labeled with anti-MAP2 (black) for morphometric analysis. D, Sholl's analysis showed that neurons expressing Rab11DN did not increase their branching when exposed to BDNF. The profile of control EGFP neurons is plotted with a gray dashed line for reference. n ϭ 21-22 neurons from three independent experiments. E, F, The integrated arborization (area under Sholl's curve shown in E) and the number of branching points (F ) were significantly increased by BDNF in neurons expressing EGFP but not in those expressing Rab11DN. G, The requirement of Rab11 for BDNF-induced dendritic branching was confirmed using small interference RNA (siRNA). We used PCR to detect the transcripts of Rab11A and Rab11B and compared their expression with the housekeeping gene GAPDH. We show that Rab11A/B siRNA reduced the abundance of both transcripts compared with the control and when normalized to GAPDH. H, Hippocampal neurons transfected with Rab11 siRNA, but not those transfected with control siRNA, failed to show an increase in number of branching points after 48 h of treatment with BDNF, n ϭ 22-27 neurons from two independent experiments.*p Ͻ 0.01; **p Ͻ 0.001; ***p Ͻ 0.0001. in structures bigger than 0.85 m 2 . Images were segmented and automatic object counting was performed using ImageJ software. Objects were classified by size and the frequency of bigger structures was calculated, averaged, and compared using ANOVA.
Microscopy detection and quantification of active Rab11 in dendrites. A fusion protein of glutathione-S-transferase (GST) and Rab11-binding domain with FIP3 was produced in BL21 E. coli, transformed with pGEX-GST-FIP3 plasmid (generously provided by Dr. Rytis Prekeris), and stimulated for 4 h with IPTG. The protein GST-FIP3 was purified from bacteria lysate using glutathione-agarose beads. For use as a probe, the protein was eluted in a solution of reduced glutathione (similar methods have been described previously for other GTPases such as RhoA; Gehler et al., 2004) .
The neurons were stimulated with 4 nM BDNF (100 ng/ml) for 20 min, fixed with PFA, permeabilized, and blocked in 3% BSA in incubation buffer (50 mM Tris-Cl, 50 mM NaCl, 5 mM MgCl 2 , 0.5 mM DTT, 1 mM EDTA, 0.25 M sucrose, and 0.2% Triton X-100, pH 7.2) for 45 min. The neurons were then incubated overnight with ϳ20 g/ml GST-FIP3 in incubation buffer with rotation at 4°C. After 2 brief washes in HBSS, the neurons were refixed in PFA and washed in PBS and then a standard immunofluorescence assay with anti-GST was performed.
We performed microscopy of single dendrites from neurons labeled with GST-FIP3. We analyzed the three brightest secondary dendrites for each neuron and measured the integrated intensity (intensity of the signal standardized by the area). The background was calculated from images of neurons treated with GST and this baseline was calculated for and subtracted from each dataset.
Immunoendocytosis and colocalization. For the colocalization studies, the neurons were cotransfected with EGFP and Flag-tagged TrkB using calcium phosphate (Watson and Latchman, 1996; Goetze et al., 2004) or Lipofectamine 2000 (Invitrogen). After 48 h, the neurons were incubated for 90 min in neurobasal medium for depletion of endogenous trophic factors and loaded with Alexa Fluor 647-conjugated transferrin for 60 min to label recycling endosomes. Neurons were then washed briefly in chilled PBS and incubated with mouse anti-Flag antibodies conjugated to Alexa Fluor 555 fluorochrome (20 g/ml). After 30 min, the cells were washed with PBS at 37°C and stimulated with 4 nM BDNF (100 ng/ml) for 15 min, fixed, and compared with no-internalization controls.
Dendrite images were acquired using confocal microscopy, treated with deconvolution algorithms, and then colocalization of TrkB or transferrin with Rab11 was analyzed by calculating the Manders correlation index (M1; Bolte and Cordelieres, 2006) . We estimated the resolution limit of our correlation analysis by studying colocalization in control dendrites that were fixed, not permeabilized, and stained with anti-Flag antibody. The limit was calculated to be M1 ϭ 0.194. In addition, to identify true colocalization events, we performed Van Steensel's analysis and tested the results for Gaussian fitting (all of our samples fit with an R 2 Ն 0.9). Analysis was performed using the JACoP plugin for ImageJ (http://rsbweb.nih.gov/ij/plugins/track/jacop.html).
For recycling analysis, the neurons were cotransfected with EGFP and/or Rab11DN and Flag-tagged TrkB. After 48 h, the neurons were incubated for 90 min in neurobasal medium for depletion of endogenous trophic factors. The neurons were then washed briefly in chilled PBS and incubated with mouse anti-Flag antibodies conjugated to Alexa Fluor 555 fluorochrome (20 g/ml). After 30 min, the cells were washed with PBS at 37°C and stimulated with 4 nM BDNF (100 ng/ml) for 30 min. After the internalization of TrkB-Flag receptors, the remaining antibodies on the cell surface were removed using three washes with PBS/EDTA. Recycled receptors back on the cell surface were labeled using a 60 min incubation with Alexa Fluor 647-conjugated secondary anti-mouse antibodies. Recycling is proportional to the detected anti-Flag signal that returned to the plasma membrane minus the nonspecific binding of the antibody to the neurons at the initial "zero" time of recycling. The neurons were finally washed and fixed in PFA/sucrose and images were captured by confocal microscopy.
Determination of dendritic levels of endogenous TrkB. The same neurons used for morphologic studies were colabeled with anti-TrkB for analyzing the amount of the endogenous receptor in dendrites. Images of equivalent segments of secondary dendrites were acquired as z-stacks in confocal microscopy and reconstructed. The integrated fluorescence in dendrites was then measured as described above for the other markers.
TrkB/BDNF sensitization experiment. Hippocampal neurons (7 DIV) were transduced with adenovirus for the expression of either control EGFP or the Rab11CA mutant. After 48 h, the neurons were stimulated with 0.02, 0.2, or 2 nM BDNF (0.5, 5, and 50 ng/ml, respectively) for 15 min. After washing, the neurons were fixed in 4% PFA, 3% sucrose, and phosphatase inhibitors. We then performed an immunofluorescence assay to detect phosphorylated CREB (pCREB anti-ser133) in the cell nucleus. Nuclei were labeled with Hoechst stain for 20 min and the staining defined the region for measurement of integrated fluorescence (intensity of the signal per area units). The values are expressed as nuclear pCREB/ whole cell pCREB ratio and standardized to the control (time 0).
Figure 2. BDNF signaling increases localization of Rab11 in dendrites.
A, Hippocampal neurons were transfected with Rab11-EGFP and dendrites were observed using spinning-disk microscopy. Images of the same dendrites were acquired for 45 min before and 45 min after BDNF stimulation. Images were then segmented by intensity; the pseudocolor scale for intensity is indicated. B, Plot of quantification of dendrites from 5-7 independent sessions of microscopy showing that BDNF induced a fast and significant increase in dendritic Rab11 (black circles). Control with vehicle only (mock) is plotted in gray circles. C, To illustrate that the Rab11-positive vesicles are more static after treatment with BDNF, three photograms at 10 min intervals have been color coded (red, green and blue) and overlapped. The overlapping area between the three colors clearly increased after treatment with BDNF. D, To quantify mobility of Rab11-positive structures, pairs of frames taken with differences of 5 min were compared by subtraction. Although dynamic changes in the distribution of the fluorescence preserves signal, more static structures results in signal reduction. We performed this analysis at three different time intervals (0 -5 min, 10 -15 min, 20 -25 min) before and after stimulation with BDNF in three independent experiments. After BDNF, Rab11 signal was on average 20% more static. E, Pictures of the same dendrite before and after stimulation with BDNF, with Rab11 in green and the edges of the structures automatically traced in white, illustrate that after BDNF stimulation, Rab11 was found in larger structures. The size of the white delimited objects appears to be increased after the addition of BDNF. F, Quantification of the fraction of that Rab11 in structures of size larger than 0.85 m Immunofluorescence. Hippocampal neurons were washed in PBS and then fixed with ice-cold 3% PFA and 4% sucrose in PBS for 15 min. After 3 washes, the cells were incubated in 0.15 M glycine, pH 7.4, for 10 min. The neurons were washed and then blocked and permeabilized with 3% BSA and 0.2% saponin in PBS for 1 h. The samples were then incubated overnight at 4°C with the following primary antibodies: mouse anti-MAP2 (Millipore), rabbit anti-TrkB (Millipore, Millipore), rabbit anti-GST (Abcam), rabbit anti-Myosin Vb (kindly provided by Dr. El-Husseini, British Columbia University) at a dilution of 1:200 in 3% BSA, 0.05% saponin, 0.1 mM CaCl 2 , and 1.5 mM MgCl 2 in PBS. After 3 washes, the cells were incubated with fluorescently conjugated secondary antibodies at 1:500 in the same solution for 1.5 h at room temperature. For the assay of nuclear pCREB detection, neurons were blocked and permeabilized in 4% BSA and 0.5% Triton X-100 and then incubated with rabbit anti-pCREB (Cell Signaling Technology) at a dilution of 1:750 in 2% BSA, 0.1% Triton X-100, 0.1 mM CaCl 2 , and 1.5 mM MgCl 2 in PBS. Secondary antibodies were diluted in the same incubating solution. Finally, the samples were washed in PBS and distilled water and mounted in Mowiol for fluorescence microscopy.
Statistical analysis. Sholl's analysis curves and intensity profiles in live-cell imaging experiments were compared using a two-way ANOVA of repeated measures, followed by a Bonferroni posttest to compare all pairs of datasets. Averaged measures of fluorescence in live-cell imaging were compared by paired Student's t test. Groups of treatments (integrated arborization, branching points, intensity of TrkB fluorescence) were compared using a one-way ANOVA or Tukey's test, followed by Dunn's comparison of all columns; only the sensitization assay was compared using a twoway ANOVA test. The intensity of GST-FIP3 labeling was compared using Student's t tests. Significance levels ( p Ͻ 0.01, p Ͻ 0.001, or p Ͻ 0,0001) and the sample size (n, the number of sample units and times the experiment was repeated) are indicated in each figure legend. The values are means Ϯ SEM. Statistical analyses were performed using Prism 4 for Macintosh (GraphPad).
Results

BDNF-induced dendritic branching requires Rab11
It is well known that BDNF causes dendritic growth in hippocampal neurons (Horch and Katz, 2002; Cheung et al., 2007; Takemoto-Kimura et al., 2007) . We conducted a series of complementary experiments to investigate whether BDNFinduced dendritic growth requires intracellular trafficking along the slow recycling route. First, we performed a standard BDNF-dependent dendritic growth assay by incubating 7 DIV hippocampal neurons grown at low density with 4 nM BDNF (100 ng/ml) for 48 h. As expected, we found that BDNF increased dendritic arborization ( Fig. 1 A, B,E; control 28.7 Ϯ 6.3, BDNF 41.9 Ϯ 7.5). Sholl's profiles indicated significant differences in arborization at 20 m from the center of the cell body, indicating that exogenous addition of BDNF affected mainly the branching of dendrites and not the number of primary dendrites or total dendrite length (Fig. 1B) . We measured the number of branching points directly (Fig. 1F ) and found that BDNF induced a twofold increase in the ramification of dendrites. We then performed the same assay in 7 DIV hippocampal neurons transduced with adenovirus driving the expression of EGFP and a dominant-negative mutant of Rab11 (Rab11DN). We found that expression of Rab11DN completely abolished BDNF-dependent dendritic growth (Fig. 1C, D, F ) . To confirm that Rab11 activity was required for BDNF-induced dendritic branching and that the effect was not due to nonspecific effects of the Rab11DN mutant, we transfected hippocampal GST was developed for immunofluorescence using anti-GST antibodies followed by fluorescently conjugated secondary antibodies. Insets correspond to the brightest dendrite of each neuron and are indicated with an orange rectangle. B, We quantified intensity of the three brightest dendrites per neuron and observed that BDNF increased GTP-bound Rab11 in dendrites significantly. n ϭ 182-191 dendrites from 61-64 neurons in five different experiments. We also performed the experiment in neurons (with no BDNF stimulation) expressing Rab11DN and Rab11CA as negative and positive controls, respectively. ***p Ͻ 0.0001. C, D, In the same experiments, we analyzed images from the cell bodies separately. We found that the basal activation of Rab11 was high, but BDNF also increased GTP-bound Rab11 significantly. n ϭ 54 -72 neurons from two independent experiments. **p Ͻ 0.005.
neurons with a small interference RNA directed against the sequence of Rab11A and Rab11B. The transfection of the antisense oligonucleotides consistently reduced the number of transcripts from both Rab11A and Rab11B, both as measured by PCR and compared with the housekeeping gene GAPDH (Fig. 1G) . Neurons transfected with control oligonucleotides and treated with BDNF increased dendritic branching points, as shown for naive neurons; however, neurons transfected with the small interference RNA for Rab11A/B did not respond to BDNF (Fig. 1H ) .
BDNF induces accumulation of Rab11-positive endosomes in dendrites
To determine whether stimulation with BDNF results in a change of distribution of Rab11-positive vesicles, 7 DIV hippocampal neurons were transfected with a plasmid driving the expression of Rab11-EGFP. After 48 h, we performed live-cell imaging of the Rab11-positive structures in secondary dendrites. We first established a baseline by capturing images of Rab11 in a single dendrite for 45 min and then stimulated the neurons with 4 nM BDNF and captured images of the same dendrite for an additional 45 min ( Fig. 2A) . When we analyzed the total intensity of Rab11WT-EGFP in the visualized dendritic segments, we observed that the intensity increased significantly after the addition of BDNF (Fig.  2B) ; this effect was dependent on the phosphorylation of receptors because it was blocked by the presence of a K252a inhibitor (Fig. 3) . We also observed that after the addition of BDNF, Rab11-positive structures were 20% less mobile (Fig. 2C,D) and significantly larger (Fig. 2 E, F ) , suggesting that there is not only an increase in the amount of the protein, but also an increase of Rab11-positive vesicular compartments in dendrites after stimulation with BDNF.
BDNF increases the amount of active Rab11 in dendrites
To assess whether the increased accumulation of Rab11-positive endosomes in BDNF-induced dendrites is accompanied by BDNF-induced activation of Rab11, we measured the proportion of active Rab11 (GTP-bound conformation) after BDNF treatment. We treated 9 DIV hippocampal neurons with BDNF and measured the activity of Rab11 in situ using a standard assay that A, To analyze whether the BDNF-induced increase of Rab11 in dendrites depends on trafficking through actin-based molecular motors, we incubated neurons with the actin destabilizer latrunculin for 15 min. Treated and control dendrites were colabeled for MAP2 and phalloidin. Labeling for F-actin was reduced significantly in treated neurons. B, BDNF-induced increase of Rab11 in dendrites was studied with the same method described in Figure 2 but in the presence of 10 M latrunculin. Representative images of the same dendrites before and after BDNF are shown with a pseudocolor intensity indicator. C, Quantification of live-cell imaging experiments investigating Rab11EGFP mobilization to dendrites (Fig. 2) showed that latrunculin inhibited BDNF-induced recruitment of Rab11 to dendrites. n ϭ 4 latrunculin and 10 control independent experiments. *p Ͻ 0.01. Figure 6 . The actin-dependent molecular motor Myosin Vb is expressed in hippocampal neurons and is required for BDNF-induced dendritic arborization. A, Hippocampal neurons at 7 DIV were probed for Myosin Vb (green), an actin-based molecular motor that binds to the active form of Rab11. Costaining with anti-MAP2 (red) shows that Myosin Vb was distributed along the entire somatodendritic domain. B, To evaluate the participation of Myosin Vb in BDNFinduced dendritic branching, we transfected hippocampal neurons with EGFP or a dominantnegative mutant of Myosin Vb that was EGFP tagged (MyoVbDN). We then stimulated the neurons for 48 h with BDNF and analyzed its dendritic arborization. C, Quantification of dendritic branching points revealed that BDNF-induced arborization was blocked significantly in MyoVbDN-expressing neurons compared with neurons expressing EGFP. n ϭ 16 -18 neurons from three independent experiments. *p Ͻ 0.01. uses a fusion protein of glutathione-Stransferase (GST) and the Rab11-binding domain of FIP3, a known effector of this GTPase (Hales et al., 2001; Meyers and Prekeris, 2002) . After BDNF treatment, fixed neurons were incubated with GST-FIP3. We then detected the probe via immunofluorescence using anti-GST antibodies. In dendrites, Rab11-GTP increased 175% after stimulation with BDNF compared with the control condition (Fig. 4 A, B) . As negative and positive controls for this experiment, we used hippocampal neurons transduced with a Rab11 dominant-negative (Rab11DN) or a Rab11 constitutively active (Rab11CA) mutant, respectively.
Neurons expressing Rab11DN displayed significantly lower GST-FIP3 labeling compared with neurons expressing Rab11CA. Finally, we studied Rab11 activity in the cell bodies and found that stimulation with BDNF caused a 42% increase in GST-FIP3 labeling (Fig. 4C,D) . These data indicate that BDNF induces an increase in the GTPbound form of Rab11, enhancing its ability to interact with effector proteins, a phenomenon that appears to be more robust in dendrites than in cell bodies.
BDNF-mediated dendritic branching is dependent on Myosin Vb activity
Several reports have shown that Rab11-dependent recycling and movement of vesicles in dendrites depends on Myosin Vb and actin microfilaments Hales et al., 2002; Lisé et al., 2006; Wang et al., 2008; Chu et al., 2009) . First, to analyze whether the BDNFdependent increase of Rab11 in dendrites requires the actin cytoskeleton, we desta- Figure 7 . Endocytosed TrkB receptor recycles through Rab11-positive endosomes in the cell body and dendrites. A, B, Hippocampal neurons were cotransfected with TrkB-Flag and Rab11-EGFP. After 48 h, the neurons were loaded with transferrin as a recycling endosome marker and then incubated at 4°C with anti-Flag antibody. TrkB internalization was stimulated with BDNF at 37°C. Fixed neurons were observed with confocal microscopy. Without BDNF (A), anti-Flag was located at the surface of dendrites, whereas Rab11 and transferrin colocalized within the dendrites. After 15 min of BDNF stimulation (B), TrkB receptors had an intracellular distribution that partially colocalized with Rab11 and transferrin. C, Quantification of colocalizing Transferrin/Rab11 and TrkB/Rab11 using Manders correlation index (M1) before and after internalization of TrkB with BDNF. Although preloaded transferrin was always correlated Ͼ0.6 with Rab11, TrkB exhibited an initial Manders index of 0.343, which increased significantly after 15 min with BDNF, reaching 0.505. Background correlation has been calculated from fixed-and not permeabilizeddendrites stained with anti-Flag and is indicated in the figure, representing the resolution limit of our colocalization analysis (ϳ0.194). This result suggests that, after internalization, part of the TrkB receptors were targeted to Rab11 endosomes. We incubated the neurons with a fluorescently labeled secondary antibody to detect the recycling receptors that returned to the cell surface. Images from cell bodies and secondary dendrites were acquired by confocal microscopy. Right, Surface and total TrkB-Flag receptor for two controls: first, before the internalization when all the labeled receptor was in the cell surface and, second, after the PBS-EDTA stripping, when there was internalized receptor but no labeled receptor in the surface. E, Quantification of fluorescence intensity showed that the expression of Rab11DN decreased the recycling of TrkB receptors in the cell body and secondary dendrites significantly compared with the EGFP-expressing neurons. n ϭ 18 -33 cell bodies and 40 -62 dendrites from three independent experiments. *p Ͻ 0.01; ***p Ͻ 0.0001.
bilized the actin filaments with 10 M latrunculin for 15 min (Fig. 5A) . Destabilization of polymerized actin blocked the BDNF-induced increase of Rab11 fluorescence in dendrites (Fig.  5 B, C) , suggesting that actin-associated molecular motors are involved in the movement of Rab11-positive structures along the dendrites and are required for the accumulation of Rab11-vesicles in dendrites. Therefore, we then investigated whether Myosin Vb is a downstream effector of active Rab11 in regulating BDNF-induced dendritic branching. As expected, Myosin Vb was expressed and distributed in the somatodendritic domains (Fig. 6A) . We transfected 7 DIV hippocampal neurons with a dominantnegative mutant of Myosin Vb EGFP (MyoVbDN) or with EGFP and stimulated the neurons with BDNF for 48 h. Consistent with our hypothesis, we found that BDNF failed to induce an increase of dendritic branching points in MyoVbDN-expressing neurons compared with control neurons (Fig. 6 B, C) .
These results suggest that BDNF induces the accumulation of Rab11-positive endosomes into dendrites by a mechanism that involves the actin cytoskeleton and the actin-binding motor Myosin Vb. MyoVb-dependent trafficking of Rab11 vesicles is required downstream of BDNF/ TrkB signaling to induce dendritic branching, because expression of MyoVbDN prevents BDNF-induced dendritic branching.
TrkB is a cargo for Rab11 endosomes
In peripheral sympathetic neurons, the anterograde transport of TrkA receptor to axons is mediated via Rab11-positive endosomes (Ascaño et al., 2009) . Given that we observed an increase in Rab11-positive endosomes in dendrites with BDNF stimulation, we investigated whether the BDNF receptor TrkB was a cargo of Rab11-positive endosomes. Using an immunoendocytosis assay, we found that after the addition of BDNF, there was a 50.5% of colocalization between internalized Flag-tagged TrkB receptors and Rab11EGFP vesicles in dendrites (Manders correlation index M1 between TrkB/Rab11 was 0.343 with no BDNF and reaches 0.505 Ϯ 0.036 after BDNF stimulation; Fig. 7A-C) . Moreover, expression of Rab11DN reduced the recycling of Flagtagged TrkB receptors in the cell body and in dendrites (Fig.  7 D, E) . The inhibitory effect of Rab11DN on the recycling of Flag-tagged TrkB in dendrites was more pronounced than in neuronal cell bodies (Fig. 7 D, E) , which supports the idea that Rab11 endosomes were being accumulated in dendrites.
Expression of a constitutively active form of Rab11 increases
TrkB localization in dendrites, dendritic branching, and responsiveness to BDNF To determine whether activation of Rab11 was sufficient to increase dendritic branching or if it has a synergistic effect with BDNF, we compared the BDNF-induced arborization in neurons transduced with adenoviruses for Rab11CA and EGFP. Interestingly, we found that the expression of Rab11CA increased arborization, even in neurons without any exogenous BDNF stimulation. Moreover, Rab11CA neurons did not exhibit additional increases in dendritic arborization compared with EGFP neurons when treated with exogenous BDNF (Fig. 8A-C) . Similar results were obtained when branching points were quantified (Fig. 8D) .
Given that TrkB recycling in dendrites depends on Rab11 and that BDNF activation induces the movement of Rab11 endosomes to dendrites, we hypothesized that the expression of Rab11CA would increase TrkB levels in dendrites and may thus increase neuronal sensitivity to endogenous BDNF that was previously under its sensitivity threshold. This may explain why Rab11CA expression is sufficient to increase dendritic branching without the addition of BDNF to the cell culture media. When we transduced 9 DIV hippocampal neurons with EGFP and Rab11CA for 48 h and then used immunostaining to analyze the endogenous distribution of TrkB in dendrites, we observed that neurons expressing the Rab11CA form exhibited more TrkB in the dendritic shaft. We also observed that the Rab11CA-induced increase of endogenous dendritic TrkB was not abolished by the presence of the tyrosine kinase inhibitor K252a, suggesting that accumulation of TrkB in dendrites is downstream of increased Rab11 activity (Fig. 9 A, B) .
To address the possibility that Rab11CA expression sensitizes neurons to endogenously secreted BDNF, we analyzed Rab11CA-induced dendritic branching in the presence of an antibody that blocks the binding of BDNF to TrkB or in the presence of the inhibitor K252a. We found that both depletion of endogenously secreted BDNF and inhibition of tyrosine kinase activity of the receptor completely abolished the Rab11CA-induced increase of dendritic branching points (Fig. 9C) . Finally, consistent with the idea that expression of Rab11CA sensitizes neurons to endogenous BDNF, we found higher levels of pCREB, a transcription factor activated by TrkB signaling, in Rab11CA-expressing hippocampal neurons compared with EGFP-expressing neurons at low doses of BDNF (0.02 nM and 0.2 nM). However, at higher doses of BDNF beyond saturating levels (2 nM), the difference in p-CREB levels between Rab11CA-expressing neurons and control neurons was abolished (Fig. 9 D, E) . These results support the notion that the expression of constitutively active Rab11 enhances neuronal sensitivity to limiting levels of BDNF.
Finally, to address whether there is a functional relationship between Rab11 and Myosin Vb, we coexpressed the Rab11CA form and the MyoVbDN to assess whether MyoVbDN blocks the Rab11CA-induced dendritic branching. As shown in Figure 10 , 2 d of expression of MyoVbDN in 7 DIV hippocampal neurons significantly reduced dendritic branching induced by the expression of Rab11CA.
Discussion
How BDNF and TrkB signaling orchestrate all of the cellular processes required to induce dendritic branching, such as intracellular trafficking and cytoskeleton rearrangement, is not well understood. The aim of our study was to determine whether Rab11-dependent trafficking of TrkB in dendrites regulates BDNFinduced dendritic branching. We show Figure 9 . Expression of Rab11CA induces an increase of TrkB localization in dendrites and sensitization to BDNF. A, Hippocampal neurons were transduced with adenovirus EGFP or Rab11CA (green) and after 24 h a group of Rab11CA-expressing neurons was treated with K252a 1 M. After 48 h, the neurons were fixed and labeled with anti-TrkB (red). Rab11CA and Rab11CA ϩ K252a showed increased localization of TrkB in dendritic protrusions. B, The intensity of TrkB labeling was measured in secondary dendrites, showing that TrkB was enriched in dendrites of Rab11CA-expressing neurons regardless of whether they were treated with K252a. n ϭ dendrites from 18 -24 neurons from two different experiments. *p Ͻ 0.01. C, To determine whether the increase 4 of dendritic branching in Rab11CA neurons was due to an increased response to endogenously secreted BDNF, we transduced neurons with adenovirus EGFP or Rab11CA and treated neurons with a blocking antibody against BDNF or the inhibitor K252a. The analysis of branching points showed that both anti-BDNF and K252a abolished the Rab11CA-induced increase of branching. The controls were treated with an unrelated chicken IgY antibody. n ϭ 19 -24 neurons from three independent experiments. *p Ͻ 0.01. D, E, To determine directly whether Rab11CA expression sensitized neurons to BDNF, we stimulated Rab11CA-neurons with 0, 0.02, 0.2, or 2 nM BDNF and analyzed the nuclear translocation of pCREB transcription factor. Compared with EGFP, the Rab11CA neurons exhibited increased and significant responses to BDNF starting from 0.02 nM. EGFP and Rab11CA are shown in green, pCREB in red, and Hoechst in blue (D) . Quantification (E) shows the BDNF-induced increase of nuclear pCREB over the baseline. n ϭ 38 -50 neurons per treatment from two independent experiments. **p Ͻ 0.01; ***p Ͻ 0.001. that Rab11 activity is required for BDNFdependent dendritic branching by a mechanism in which TrkB activates the monomeric GTPase Rab11. We propose a model in which dendritic activation of Rab11 would increase recycling by promoting the interaction of Rab11 with Myosin Vb, increasing the amount of Rab11-positive endosomes in secondary dendrites, a process that would require actin filaments. Because Rab11 endosomes carry TrkB, sustained Rab11 activity results in increased endogenous TrkB receptor levels in dendrites, implying that this mechanism potentiates TrkB signaling in dendrites (Fig. 11A) . Therefore, this process provides a positive feedback mechanism to induce BDNF-dependent protrusion and the outgrowth of dendritic branches.
Rab11 GTPase has emerged as an important modulator of cellular transport by regulating the alternative association of recycling endosomes to actin-based or microtubule-based vesicular transport machineries (see below), allowing the delivery of cellular components or signaling molecules to specific locations in the cell (Jing and Prekeris, 2009) . In this form, Rab11 regulates several cellular functions, such as asymmetric cell division and cytokinesis, phagocytosis, polarization, lateral membrane growth, axonal growth, and BDNF-induced dendritic branching (our work; (Cox et al., 2000; Pelissier et al., 2003; Cao et al., 2008; Takano et al., 2010; Linford et al., 2012) . Rab11 endosomes move using different molecular motors. When moving along microfilaments, the endosomes engage the actin-based Myosin Vb motor for short-distance vesicular movements (e.g., allowing the fusion of Rab11 vesicles with the plasma membrane; . Rab11 also associates with the microtubule-based motors dynein and kinesin through different effectors, allowing Rab11 endosomes to move from the cell body to distal processes such as the axonal terminal, as shown in sympathetic neurons (Ng and Tang, 2008; Hirokawa et al., 2010; Takano et al., 2010) . These results suggest that there is a switch mechanism between Rab11-associated motors for the control of vesicle transport. Indeed, this mechanism has been recently proposed for the recycling of Langerin (a c-type lectin receptor), in which the association of Rab11 endosomes with microtubule-and actin-based motors requires a sequential move from perinuclear endosomes to the plasma membrane (Gidon et al., 2012) . Supporting a switch of Rab11 endosomes from microtubule to microfilament in dendrites, Rab11GDP can interact with protrudin, which serves as an adaptor to link Rab11-GDP to the microtubule-associated motor KIF5 (Matsuzaki et al., 2011). Therefore, it is possible that nonactive Rab11 endosomal trafficking is coupled to protrudin/KIF5 in microtubules but switches to microfilaments by interacting with Myosin Vb when Rab11 is in the GTP-bound form.
To our knowledge, our study provides the first evidence indicating that a signaling receptor regulates the activity and dynamics of Rab11-positive endosomes to induce a cellular response. We have modified a classic technique used to measure the activity of the monomeric GTPase RhoA in situ (Gehler et al., 2004) , allowing us to detect the location of activated Rab11. This technique makes it possible not only to detect the total active monomeric GTPase in the cell (or the GTP-bound form), but also to identify the cellular compartment in which the activity is increased or decreased. Complementary live-cell imaging experiments indicated that BDNF rapidly increases the abundance of Rab11-positive endosomes in secondary dendrites. We observed Figure 10 . Expression of Myosin Vb dominant-negative blocks Rab11CA-induced dendritic branching. A, Hippocampal neurons were cotransfected with Rab11CA-mCherry (red) and MyoVbDN-EGFP or EGFP (green) and stimulated with 4 nM BDNF (100 ng/ml) for 48 h. Cotransfected neurons were also labeled with anti-MAP2 (black) for morphometric analysis. B, The number of branching points showed that expression of MyoVbDN mutant abolished Rab11CA-induced increase of dendritic arborization significantly, showing a functional relationship between Rab11 GTPase and the actin-dependent motor protein Myosin Vb toward the ramification of dendrites. n ϭ 16 -23 neurons from two independent experiments. **p Ͻ 0.001. Figure 11 . Working model. A, Our results suggest that there is a reciprocal interplay between BDNF/TrkB signaling and the Rab11-dependent trafficking. It is known that different plastic stimuli are translated into an increase of available BDNF. BDNFinduced neurotrophic signaling increased the amount of the GTP-bound form of Rab11 that was available to interact with effectors such as as Myosin Vb. Rab11 and MyoVb regulated the recycling and accumulation of receptor in dendrites (B), sensitizing neurons to BDNF and promoting the protrusion of new branches in restricted localizations. B, To interpret our results related to the mechanism of Rab11 endosome accumulation in dendrites after BDNF treatment, we can visualize the cell body and the dendritic compartment as two separated compartments. There are many more Rab11-positive endosomes in the soma than in the dendritic compartment. At steady state, equal numbers of Rab11-positive vesicles are entering and leaving the dendritic compartment at any given time. When BDNF is added, cargoes of Rab11-positive endosomes such as TrkB begin to recycle, becoming more stationary. This process implies that fewer Rab11 vesicles leave the dendritic compartment than those that enter it. As a result, the number of Rab11 vesicles in the dendritic compartment increases rapidly.
that dendritic Rab11 endosome movements were bidirectional, exhibiting fusion and dispersion of packets and movements back and forth to and from the cell body. However, when BDNF was added to the culture media, the fluorescence associated with Rab11-EGFP in secondary dendrites increased significantly. In addition, these endosomes appeared to be less mobile and enlarged compared with the endosomes in the same dendrite before BDNF treatment. This is consistent with the fact that BDNFinduced enrichment of Rab11 endosomes in dendrites depends on actin filaments, which is a common feature of Rab11-dependent recycling to the plasma membrane in different cell types Fan et al., 2004; Nedvetsky et al., 2007) . To explain our results, we propose a working model in which under basal conditions, Rab11 vesicles are moving inside the dendrites associated to microtubule-based motors. When BDNF activates TrkB signaling in dendrites, it promotes the interaction of Rab11 endosomes with Myosin Vb. In dendrites, this process would increase locally the recycling of TrkB to the plasma membrane. Finally, TrkB associated with Rab11 endosomes would stay in the dendritic recycling pathway rather than return to the cell body (Fig. 11B) . This model is consistent with the increase of endogenous TrkB in dendrites when constitutively active Rab11 was expressed in hippocampal neurons and with the prominent recycling of TrkB in dendrites relative to the cell bodies.
Although we have provided the first evidence that BDNF regulates Rab11 endosomes, an intriguing question remains: how activated TrkB regulates the activity of Rab11. The biological function of the Rab GTPases depends on the association of their GTP-bound forms to effector proteins. Because Rabs have limited rate of GDP and GTP exchange, the interchange is promoted by guanine nucleotide exchange factors (GEFs). However, to date, no GEFs have been reported for the Rab11 family members Rab11a, Rab11b, and Rab25 (Linford et al., 2012) . Huntingtin and LMTK1/AATYK1, two proteins that regulate the morphology of hippocampal neurons, have been reported to positively regulate the GDP/GTP exchange rate of Rab11; nevertheless, none of these proteins interacts directly with Rab11 Takano et al., 2010) . A plausible explanation for the lack of promising Rab11-GEF candidates is that they are protein complexes. Indeed, it has been shown that TRAPPII is a protein complex that functions as GEF for the yeast Rab11 homolog Ypt31/ Ypt32 (Morozova et al., 2006) . Extensive experimental work will be needed to establish the identity of Rab11-positive regulators in mammals. While this article was under review, a DENN family member with GEF activity for Rab11 in Drosophila was reported (Xiong et al., 2012) .
Internalization is required for Akt activation and the regulation of neuronal morphology by BDNF in hippocampal neurons. It is possible that Rab11 dendritic endosomes are functionally equivalent to the apical endosomes of polarized cells, which could also serve as a platform for recruiting signaling molecules such as phosphoinositide-dependent kinase-1 (PDK1), the kinase that activates Akt and atypical protein kinase C (Zheng et al., 2008; Mashukova et al., 2012) . The idea that the internalization and postendocytic trafficking of receptors is required to turn on specific signaling pathways has been proposed for several signaling receptors, including neurotrophin receptors (Bronfman et al., 2007; Sorkin and von Zastrow, 2009 ). In addition to the known function of receptor trafficking in signaling, our model offers a plausible mechanism to induce a transitory concentration of endosomes and signaling molecules in a particular location of the cell, in this case the dendrites of neurons, by increasing Rab11-dependent recycling.
Another interesting implication of our findings is that BDNF might influence the transport of other Rab11 endosome cargos, including important regulators of neuronal physiology. Indeed, AMPA receptors and adhesion molecules such as N-cadherin are transported within dendritic Rab11 endosomes (Park et al., 2006; Wang et al., 2008; Kawauchi et al., 2010) . Rab11-positive endosomes carrying AMPA receptors are found near the base of spines and filopodia, where they are sensitive to local signals that insert AMPA receptors into spines upon calcium influx (Kopec and Malinow, 2006; Park et al., 2006) . The calcium sensor is Myosin Vb, which is activated by calcium influx, increasing its association with Rab11 endosomes and triggering the insertion of AMPAR into the plasma membrane. TrkB also localizes to dendrites and regulates spine morphology and long-term potentiation (Santi et al., 2006; Minichiello, 2009; Yoshii and Constantine-Paton, 2010 ). Therefore, it is possible that TrkB signaling increases AMPA receptor localization in spines, thus increasing long-term potentiation through a mechanism that requires a TrkB-induced increase in Rab11 activity and association with Myosin Vb (Lisé et al., 2006; Wang et al., 2008) .
Finally, BDNF signaling and Rab11 have been independently implicated in correcting pathological phenotypes in neurons and restoring structural plasticity in neurological disorders such as Huntington's disease (Ferrer et al., 1999; Lynch et al., 2007; Richards et al., 2011) . Our results raise the possibility that the restorative effects of BDNF are mediated via a direct effect on regulating Rab11-GTPase activity.
